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Centrifuge modelling of offshore monopile foundation
R.T. Klinkvort & O. Hededal
Technical University of Denmark, Copenhagen, Denmark
ABSTRACT: Today one of the most used concepts for wind turbine foundation is the monopile.The foundation
concepts for these monopiles on deeper water is uncertain and consequently the design needs to be conservative
leading to uneconomic designs. This paper describes a total number of 6 static and 5 cyclic centrifuge tests on
a laterally loaded monopile in dry sand. The prototype dimension of the piles was modelled to a diameter of 1
meter and penetration depth on 6 meter. The test series were designed in order to investigate the scaling laws
in the centrifuge both for monotonic and cyclic loading. It was not possible in the tests to reproduce the same
prototype response for both the monotonic and the cyclic loading. It was not clear if this scatter in prototype
data was due to normal measurement uncertainties or if the response is depending on the scaling factor.
1 INTRODUCTION
Single large diameter tubular steel piles commonly
denoted monopiles is today a very used foundation
method for offshore wind turbines. The design of
these monopiles is commonly based on the theory of
laterally loaded piles which relies on empirical data
originated from the oil and gas industry, Reese and
Matlock (1956) & McClelland and Focht (1958). The
lateral capacity is determinedbymodelling the pile as a
beamand the soil as a systemof uncoupled springs, this
is known as aWinklermodel.The springs are described
by p-y curves defining the load-displacement rela-
tionship for the interaction between soil and pile, API
(1993).The formulation of these curves was originally
calibrated to slender piles, but is today even used for
design of large diameter monopiles with a slender-
ness ratio L/D as low as 5. The monopiles used for
wind turbine foundations thus act as stiff piles. There-
fore it is relevant to investigate the behavior of stiff
piles in more detail. The tests series presented in this
paper is an initial program that intends to investigate
the response ofmodelmonopiles subjected to different
artificial gravities in a centrifuge. The concept called
modelling ofmodels is used to investigate the response
from five different piles which are scaled to the same
prototype dimensions.
2 CENTRIFUGE MODELLING
When performing centrifuge tests an artificial grav-
ity is applied to a model test setup. This is done to
ensure that the stress field in the model is similar to
the stress field in the prototype. This is important in
model testing due to the non-linearity of the stress-
strain relations of soils. To apply the artificial gravity
the model is placed at the end of a rotating arm. The
acceleration in a specified point in the model is given
by the angular rotation speed (ω) and the distance (R)
from the rotational axis. The ratio between gravity (g)
and artificial gravity is described by the gravity scale
factor (N ).
In centrifuge modelling two key issues are repre-
sented, the scaling laws and the scaling errors.
2.1 Scaling laws
To transform results from test carried out on
models to prototypes the dimensional analysis can be
used, Langhaar (1951). The foundation for the dimen-
sional analysis is Buckingham’s theorem. From this,
dimensionless parameters can be determined. These
dimensionless parameters have to be the same for the
prototype and the model to have full similarity. If all
governing laws of similitude are in place a true model
is obtained. This implies that stresses and strains are
scaled by a factor of 1, deflection and lengths is scaled
by a factor of N , forces are scaled by a factor of N 2
and so on; see e.g. Taylor (1995).
2.2 Scale effects
In physical modelling it is seldom possible to pro-
duce a model where all details of the model is scaled
correctly in the prototype. Therefore some approxi-
mations have to be made. These differences are called
scale effects and are important to be aware of when
the test results are interpreted. Model studies are not
perfect and it is important to understand this. Two
main effects will be presented here. The first is the
stress distribution. Looking at Equation 1 on the pre-
ceding page it can be seen that the applied gravity
is depending on the distance to the rotational axis.
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Figure 1. Sketch of pile.
This distance will increase through the model. In the
prototype the stresses will increase linearly due to
the constant gravity field, whereas the stresses in the
model will increase parabolically. To minimize this
error the radius is defined from center to a depth of
2/3 of the pile penetration depth, Stuit (1995).
Whenperforming centrifugemodelling it is not pos-
sible to scale the sand grain diameter correctly, since
this will imply a difference in friction angle and cohe-
sion. Therefore, when considering bearing capacity,
it is most often necessary to use the same sand in
the model as in the prototype. This causes the sand
grains to be scaled by a factor of N in the model.
This is known as the particle size effect. The grain
size effect has been investigated with “modelling of
models”. Particle size effect has been tested for lat-
erally loaded piles by Hoadley et al. (1981) and they
found that a “model diameter/ grain size diameter”
ratio of 50 and above gave a good agreement. Remaud
et al. (1998) found that a ratio over 60 was enough to
avoid particle size effects. Both of these studies were
performed on long slender piles. Nunez et al. (1988)
performed modelling of models on tension piles. They
found that the smaller piles tested at high accelera-
tions gave consistently higher capacity than larger piles
tested at smaller accelerations.They explain this differ-
ence with installation effects and differences in wall
thickness and conclude that the effect from particle
size is not significant.
3 EXPERIMENTS
As the first of a larger test series on monopiles a
series of modelling of models have been performed
to analyze the response of a monopile in relation to
the applied gravity. The test program was performed
on five solid steel piles with a diameter between 16–
40mm and penetration depths between 96–240mm
which were all scaled to a prototype pile with a
diameter of d = 1m and penetration depth L = 6m.
In figure 1 a sketch of the test pile can be seen. In
Table 1 the dimension of the five piles and the scaling
Table 1. Dimensions and scaling factor for the piles.
d e L N
[mm] [mm] [mm] [–]
16 40 96 62.5
22 55 132 45.5
28 70 168 35.7
34 85 204 29.4
40 100 240 25
Table 2. Classification parameters for the Fontainebleau
sand.
Specific gravity of particles Gs 2.646
Minimum void ratio emin 0.548
Maximum void ratio emax 0.859
Average grain size d50 0.18
Coefficient of uniformity Cu 1.6
Table 3. Void ratio for the different tests.
d [mm] 16 22 28 34 40
Monotonic 0.58/0.57 0.58 0.57 0.59 0.56
Cyclic 0.59 0.56 0.56 0.58 0.55
factor is shown. This should scale all the piles to the
same prototype pile.
All monotonic and cyclic tests were performed in
dryFontainebleau sand. Leth et al. (2008) has collected
classification parameters for the Fontainebleau sand
which can be seen in table 2 on the next page.The aver-
age grain size of the Fontainebleau sand is 0.18mm.
With pile diameter ranging from 16mm to 40mm this
leads to a “model diameter/ grain size diameter” ratio
ranging from 88 to 189.
The centrifuge at DTU uses a spot pouring hopper
(SPH) for the preparation of the sand sample. Due
to the geometry of the container and pile the sand is
prepared using a circular travelling loop as described in
Zhao et al. (2006). The sand is installed in a container
with a inner diameter of 50 cm and a height of 49 cm.A
new sample is prepared for each of the tests. CPT tests
have been carried out to validate the pouring method.
All these CPT tests showed the soil sample has a good
homogeneity in the container.
After the sand is prepared, the pile is installed at
1 g. It must be expected that the sand is compacted in
a higher degree around the pile, for large piles than for
small piles. When the tests are carried out it must be
expected that the stresses in the sand is so high that
potential preconsolidated areas disappears. Installing
the pile at 1 g. is therefore intended to minimize the
effects from the installation.
A total of 11 centrifuge tests have been performed:
six monotonic and five cyclic. For all the tests the rel-
ative density was found to vary in the range 0.8–0.94.
A table with the different void ratios can be seen in
table 3 on the following page. The relative densities
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Figure 2. Normalized plot with the five static tests.
are calculated by knowing the weight and the vol-
ume of the sand sample. The average value for both
the static and cyclic tests is for the relative density
ID = 0.924 and a void ratio of e = 0.57 leading to a
triaxial frictional angle of φ = 38◦.
3.1 Monotonic tests
The force and deflection is normalized, to compare the
general pile behavior. On the y-axis the normalized
force is plotted. This is found as shown in equation 2.
On the x-axis the normalized deflection is plotted.This
is shown in equation 3
In figure 2 the observation of the monotonic load-
ing can be seen. Remember that all the test is scaled
to same prototype and the response from the differ-
ent tests should be identical. However a variation in
the results can be seen. The test performed at 62.5 g
showed a significantly high bearing capacity there-
fore a second test on the d = 16mm was performed to
validate the response. The second test confirmed the
response.
Interpretation method 1: Looking at figure 2 you
could say that the pile with a diameter of d = 16mm
shows a much higher capacity than the other piles and
thereby indicates that the pile diameter particle diam-
eter is too small. If this pile is neglected an acceptable
scatter of the results is obtained. From this a bear-
ing capacity for the prototype pile could be expected
to be Pmax ≈ 0.32. This will be called interpretation
method 1. On figure 2 the bearing capacity according
to Hansen (1961) is shown for three different fric-
tional angles. This indicates small change in frictional
angle can be the reason for this scatter. On the other
hand using the result from the pile with a diameter of
Figure 3. Normalized plot bearing capacity and initial
stiffness as a function of the scaling factor.
d = 16mm it can be seen that the maximum bearing
capacity is increasing with the applied gravity. This
could indicate that the linear scaling which is assumed
is problematic.
Interpretation method 2: The maximum bearing
capacity and the initial stiffness is plotted on figure 3
against the scaling factor. The maximum capacity is
found as the maximum value found on figure 2 and the
initial stiffness is found at the point where the applied
load is P = 0.1. This is shown on figure 2 as the black
markings. From figure 3 it seems to be a clear linear
relationship between the maximum bearing capacity
and the scaling factor. Looking at the initial stiffness
of the load deflection response no clear relationship is
seen. The variance of the stiffness could though indi-
cate that a constant stiffness from the tests could be
expected. Here is also plotted the initial stiffness found
from the cyclic testing which support this conclusion.
Four of the piles were mounted with measuring of
the pile head rotation, if the pile is assumed to behave
as a rigid pile, the pile movement can be described
according to equation 4.
The assumption of the pile behaves like a rigid pile is
satisfied according to Poulos and Hull (1989) if the
stiffness of the sand is lesser than Es = 35MPa. If the
pile should act as a slender pile then the soil stiffness
should be over Es = 3090MPa. Even if the stiffness of
the sand is larger than 35MPa it is expected that the
pile will be located close to the rigid boundary. There-
fore it is assumed that the pile behaves as a stiff pile.
From this assumption the point of rotation canbe found
knowing the deflection of the pile u and the rotation
θ. The normalize point of rotation measured from pile
tip is plotted in figure 4. Due to practical reasons the
rotation of the 16mm pile could not be measured. All
the piles shows that the normalized point of rotation is
located below the pile tip at initial deflection and the
pile is therefore sheared through the sand. After some
deformation the rotation point moves up and is located
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Figure 4. Point of rotation.
in the pile where it is stabilized until failure. From
figure 4 no clear relation between normalized point
of rotation and scaling factor can be seen. It seems
like for all the piles that the rotation point stabilizes
around a value of 0.22 except the pile with a diame-
ter of d = 28mm which haves a lower rotation point
that the others. Using the theory of Hansen (1961) the
rotation point is calculated to 0.2 which is close to the
observation. It seems like all the piles is moving in the
same manner.
3.2 Cyclic tests
The cyclic tests were performed with 500 force con-
trolled cycles. To investigate the effects from cyclic
loading this paper uses a method describe in LeBlanc
(2009) to described the cyclic loading. The load char-
acteristics are denoted ζb and ζc. They are determined
as shown in equation 5.
Here Pmax and Pmin are the maximum and mini-
mum applied force in the cyclic loading. Pmonotonic
is the maximum bearing capacity found from the
corresponding monotonic test.
The amount of the applied load depends on the inter-
pretation of the monotonic test. The cyclic loading
was performed as individual tests, with five different
maximum capacities according to the monotonic tests
shown on figure 2 on the preceding page. It was the
intension to perform the cyclic test with a ζb = 0.40
and a ζc = 0 but due to the control system it has not
been possible to perform tests with exactly the same
load characteristics. However the load characteristics
can also be calculated assuming a constant bearing
capacity for the monotonic tests. The characteristics
of the cyclic loading for the tests series for the two
types of interpretation can be seen on Figure 4. For the
cyclic loading the accumulation of deflection and the
change in secant stiffness is calculated. This is done as
showed on figure 5. For every cycle the maximum and
Table 4. Load characteristics for the cyclic tests.
N Pmono.,1 Pmono.,2 ζb,1 ζb,2 ζc
62.6 0.32 0.39 0.53 0.44 −0.04
45.3 0.32 0.34 0.52 0.49 −0.05
35.7 0.32 0.34 0.44 0.44 −0.02
29.4 0.32 0.32 0.41 0.42 −0.02
25.0 0.32 0.29 0.41 0.44 −0.10
Figure 5. Schematic illustration of average deflection and
secant stiffness.
minimum values of load and the deflection is found.
From this the average deflection can be calculated as
shown in equation 6 and the secant stiffness can be
calculated as shown in equation 7.
The best fit to the accumulation of deflection was done
with a power fit as proposed by Long and Vanneste
(1994), cf. equation 8.
Here u0 is the accumulated deflection at the first cycle
and α is an empirical coefficient which controls the
shape of the curve. n is the number of cycles. The
accumulated deflection for a given cycle is defined as
the average value for the cycle. The values of the coef-
ficient to the proposed formula can be seen in Table 5.
If interpretation method 1 is used the accumulation
depends on the load characteristic. ζc is nearly con-
stant for all the tests expect test on d = 40mm. It must
therefore be expected to see a relation between ζb and
the coefficient to the power fit. A linear relationship is
assumed which leads to the following equations.
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Table 5. Empirical constant for accumulation of the deflec-
tion from the cyclic testing.
d u0 α
16 0.016 0.324
22 0.015 0.315
28 0.010 0.339
34 0.015 0.245
40 0.012 0.256
Figure 6. Accumulation of average deflectionwith interpre-
tation method 1 prediction.
If on the other hand interpretation method 2 is used
a linear relationship between the coefficients for the
power fit and the scaling factor can be assumed. This
leads to following equations.
On figure 6 the accumulation of the deflection for
cyclic testing is seen. Here is also shown the predic-
tion as proposed in equation 8 for the interpretation
methods 1. The prediction for the interpretation meth-
ods 2 can be seen in Figure 7. None of the methods
give good predictions, but it seems that interpretation
method 2 is the best. It should again be noted that the
cyclic loading is performed according to themaximum
bearing capacity found from the monotonic tests. This
means that the piles are not loaded to the same proto-
type loads. The maximum prototype load for the small
pile with the large scaling factor is therefore larger
than the large pile with the small scaling factor.
Lin and Liao (1999) proposed a logarithmic fit to
the change in secant stiffness as shown in equation
Here k0 is the secant stiffness at the first cycle and κ
is an empirical coefficient which control the shape of
the curve. n is the number of cycle.A formulation like
Figure 7. Accumulation of average deflectionwith interpre-
tation method 2 prediction.
Figure 8. Change in secant stiffness.
this fits the first 100 cycles for the 5 cyclic tests, but as
it can be seen in Figure 8 the secant stiffness starts to
decrease or stabilize after 100 cycles. It has not been
possible to fit the entire number of cycles cyclic. Look-
ing at Figure 8 it can be seen that the secant stiffness is
changing from test to test. The secant stiffness is large
for the large piles and smaller for the small piles. The
explanation for the difference can again be explained
for interpretation method 1 as high ζb values gives
small secant stiffness. Using method 2 high scaling
factor gives high secant stiffness. No clear dependency
is seen for the two interpretation methods.
4 CONCLUSIONS
A test series of modelling of models have been per-
formed for both monotonic and cyclic loading. It has
not been possible for the two loading types to repro-
duce exactly equal prototype response. The results
have been analyzed in two ways; one as a normal scat-
ter in the response, and one using a dependency of the
scaling factor. It seems like the scaling factor affects
the results but it is not clear. Nunez et al. (1988) reports
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also higher capacity for the small piles tested at high
g levels and more tests have to be conducted. The fact
that the piles in this test series are acting as stiff piles
could be an explanation of the difference from previ-
ously modelling of models tests. More tests have to be
conducted in order to clarify the scaling laws for these
stiff laterally loaded piles.
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